Objectives-We have investigated the functional significance of conserved sequences within the 9p21.3 risk locus for coronary artery disease (CAD) and determined the relationship of 9p21.3 to expression of ANRIL and to whole genome gene expression. Methods and Results-We demonstrate that a conserved sequence within the 9p21.3 locus has enhancer activity and that the risk variant significantly increases reporter gene expression in primary aortic smooth muscle cells. Whole blood RNA expression of the short variants of ANRIL was increased by 2.2-fold whereas expression of the long ANRIL variant was decreased by 1.2-fold in healthy subjects homozygous for the risk allele. Expression levels of the long and short ANRIL variants were positively correlated with that of the cyclin-dependent kinase inhibitor, CDKN2B (p15) and TDGF1 (Cripto), respectively. Relevant to atherosclerosis, genome-wide expression profiling demonstrated upregulation of gene sets modulating cellular proliferation in carriers of the risk allele. Conclusion-These findings are consistent with the hypothesis that the 9p21.3 risk allele contains a functional enhancer, the activity of which is altered in carriers of the risk allele. 9p21.3 may promote atherosclerosis by regulating expression of ANRIL, which in turn is associated with altered expression of genes controlling cellular proliferation pathways. Approximately 25% of whites carry 2 copies of the risk allele and have a 1.5-fold increased risk for CAD. 2 The increased risk is independent of all known risk factors including plasma lipids, hypertension, diabetes, obesity, and markers of inflammation. This implies a novel biological pathway relevant to atherosclerosis.
T he 9p21.3 risk locus, identified in several genome-wide association studies for coronary artery disease (CAD), 1, 2 spans 58 kb and encompasses multiple single nucleotide polymorphisms (SNPs) in tight linkage disequilibrium (LD). Approximately 25% of whites carry 2 copies of the risk allele and have a 1.5-fold increased risk for CAD. 2 The increased risk is independent of all known risk factors including plasma lipids, hypertension, diabetes, obesity, and markers of inflammation. This implies a novel biological pathway relevant to atherosclerosis.
BLAST searches against the NCBI nucleotide sequence database and inspection of the UCSC Genome Browser revealed no annotated genes within the 58-kb interval. The localization of the risk locus to a region devoid of known protein coding genes implicates a novel gene or regulatory element that promotes atherosclerosis independently of established risk factors. It is notable that the 9p21 risk locus overlaps a newly annotated noncoding RNA (ncRNA), termed ANRIL, recently identified through a deletion analysis of a large French kindred with hereditary melanoma. 3 ANRIL spans 126.3 kb, overlaps at its 5Ј end with CDKN2B (p15), and consists of 20 exons subjected to alternative splicing. Full-length ANRIL (3834 bp), deposited under GenBank accession number DQ485353, encompasses the first 12 exons plus exons 14 to 20. At least 2 shorter variants of ANRIL that end with an alternative exon 13 have been reported, DQ485454 and EU741058. DQ485454 (2659 bp) comprises the first 12 exons and an alternative exon 13, whereas EU741058 (688 bp) encompasses exons 1, 5 to 7, and 13 ( Figure 1 ). Noncoding RNAs such as ANRIL can alter expression of associated protein coding genes through multiple mechanisms that include RNA interference, gene silencing, chromatin remodeling, or DNA methylation. 4 There is growing evidence of involvement of ncRNAs transcribed from the 9p21 locus in disease etiology. A natural p15 antisense, p15AS, triggers transcriptional silencing of p15 and shows increased levels of expression in acute myeloid leukemia cell lines. 5 Broadbent and colleagues have demonstrated that ANRIL is expressed in many cell types known to be affected by atherosclerosis and suggested that this gene is a possible candidate gene at the 9p21 CAD risk locus. 6 Despite the potential importance of ANRIL, limited information is available on its genetic architecture.
Here, we have investigated the functional significance of conserved sequences within the 9p21.3 risk locus and have determined the effects of genetic variation at the 9p21.3 locus on expression of ANRIL and other gene transcripts in whole blood RNA. Because peripheral blood mononuclear cell (PBMC) gene expression is altered in a number of disease states and in response to various medications, we first studied healthy control subjects and then confirmed our findings in patients with stable CAD.
Methods

Human Subjects
As part of the Ottawa Heart Study, healthy control subjects with no history or symptoms of CAD, consisting of men aged Ͼ65 and women aged Ͼ70 years, were recruited as described. 1 DNA samples were genotyped using the Affymetrix 500K or 6.0 array. For whole-blood RNA analysis of healthy control subjects, 124 nonsmoking subjects, in good health with no history, signs, or symptoms of cardiovascular and not on statin therapy were selected on the basis of homozygosity for the reference or risk alleles (Table) . Individual transcripts were quantified by QRT-PCR for all subjects, and whole genome expression analysis was carried out in subset of 44 subjects. For expression analysis of CAD patients, a second group of 42 well-matched subjects homozygous for the reference allele and the risk alleles with stable angiographically defined CAD and no history of diabetes were selected (supplemental Table I , available online at http://atvb.ahajournals.org).
The study was approved by the Human Research Ethics Committee of the Ottawa Heart Institute and written informed consent was obtained from all participants.
Reporter Constructs
Four putative regulatory elements identified by PIPMAKER analysis of the 9p21.3 region, denoted conserved noncoding sequences (CNSs): CNS1, CNS2, CNS3, and CNS4 (supplemental Figure II) were functionally characterized. To produce Luc reporter constructs, individual CNSs ( Figure 2A ) were amplified from both the 9p21 risk and reference haplotypes with proof-reading PfuUltra II Polymerase and then inserted upstream of ␤-globin minimal promoter into PGL4.23 expression vector (Promega, E8411). Integrity of the reporter constructs was confirmed by restriction digest and sequencing. Details of primers and amplification reactions are provided in supplemental Methods.
Transfection and Luciferase Assays
COS-7 cells and human aortic smooth muscle cells (AoSMC; Lonza Walkersville, Md., USA) were cultured in Dulbecco modified Eagle and SMC Basal Medium, respectively. COS-7 and AoSMC cells were plated in 6-or 24-well dishes 24 hours before 
Characterization of Functional Variation Within the CNS3 Regulatory Region
To identify functional sequence variations responsible for the observed differences in the regulatory activity of CNS3 from the reference and risk haplotypes, we screened the sequences for the presence of single nucleotide polymorphisms. We identified only one single bp difference corresponding to database entry rs1333045, which we then genotyped in 513 healthy controls and 483 patients with CAD. Details of primers and amplification reactions are provided in supplemental Methods.
Quantitative Real-Time RT-PCR
Whole-blood RNA was extracted using the PAXgene Blood RNA kit (PreAnalytiX). To exclude amplification from genomic DNA contamination, an additional off-column DNAseI digest was carried out for each RNA sample. Determination of relative amounts of short and long ANRIL transcripts, CDKN2B, TDGF1, KALRN, and GAPDH was carried out using quantitative real-time RT-PCR (QRT-PCR) of Ϸ150 bp regions of the corresponding transcript.
Relative copy numbers of each transcript were normalized for expression levels of the constitutively expressed ␤-actin and cyclophilin (PPIA) genes. Normalization for both housekeeping genes yielded similar results, and data obtained from normalization for PPIA are shown. Details of primers and amplification reactions are provided in supplemental Methods.
Human Whole Genome Expression Analysis
Whole genome expression analysis of whole blood RNA was carried out using Agilent 4ϫ44K Human Whole Genome microarrays as described in detail in supplemental Methods.
Statistical Analysis of Microarray Data
Testing for differential gene expression was performed using a 2-class, unpaired, unequal variance form of the t test. Results were filtered to identify probes exhibiting a probability value less than 0.05 and an absolute fold change greater than 1.5 and the filtered gene list was visualized using hierarchical cluster analysis. Gene Set Analysis (GSA) was used to access genotype-phenotype correlations of all genes within a gene set. The Molecular Signatures Database (MSigDB) provided the organization of genes into categories. 7 GSA was run using the 2-class unpaired test, and gene sets were considered significant when the probability value was less than 0.005 (supplemental Methods). A positive GSA score reflects upregulation while negative score reflects downregulation of a gene set.
Results
Identification of Putative Regulatory Elements Within 9p21.3 Locus
Phylogenetic footprinting analysis of the sequences including ANRIL transcription units from human, rhesus monkey, chimpanzee, mouse, rat, dog, and opossum (supplemental Methods) indicates that whereas exon sequences of ANRIL are highly conserved in primates, the sequence conservation is not apparent in orthologous sequences from dog, mouse, rat, and opossum (supplemental Figure I) . Furthermore, 
Luciferase Reporter Analysis of Putative Regulatory Elements Within the 9p21.3 Locus
We analyzed the activity of conserved noncoding sequences within the 9p21.3 locus by inserting 4 conserved sequences from the risk haplotype into PGL4.23 expression vector. Enhancer activity of each of the sequences was tested in dual luciferase assays where Renilla luciferase activity was used to normalize transfection efficiency. We first examined the ability of identified conserved regions from the risk haplotype to induce luciferase activity in COS-7 cells. The results demonstrated that one of the conserved noncoding sequences, designated CNS3, acted as an enhancer and resulted in a 22-fold increase of reporter gene expression when compared to transfection with PGL4.23 vector alone ( Figure 2B ). We then tested enhancer activity of the CNS3 sequences from individuals homozygous for the risk and reference 9p21 alleles in primary human AoSMCs. These experiments revealed that both the risk and the reference counterparts of CNS3 exhibited significant enhancer activity as compared to PGL4.23 vector ( Figure 2C ). Moreover, the CNS3 sequence cloned from a homozygote carrier of the 9p21.3 risk allele exhibited 73% higher enhancer activity compared to the same sequence cloned from a reference homozygote ( Figure 2C ).
Characterization of Sequence Variation in the CNS3 Regulatory Elements
By sequencing the CNS3 regions from the reference and the risk haplotypes, we demonstrated that the observed difference in the CNS3 regulatory activity is attributable to the presence of a single nucleotide polymorphism, rs1333045, which is in tight LD with the lead predictive SNP in the 9p21.3 locus, rs1333049 (r 2 ϭ0.86). Moreover, rs1333045 has a virtually identical allele frequency to that of rs1333049 in premature angiographic CAD cases and healthy elderly controls (MAFcasesϭ0.605 and 0.598; MAFcontrolsϭ0.445 and 0.441, respectively) and a similar allele specific odds ratio for CAD (ORϭ1.28). These data are consistent with the hypothesis that rs1333045 represents a functional variant within the 9p21.3 risk locus and provides significant predictive information with regards to CAD risk.
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ANRIL Transcripts Are Expressed in Multiple Tissue Types Relevant to Atherosclerosis
We determined the relative abundance of the 3 identified ANRIL transcripts, DQ485453, DQ485453, and EU741058, in several human tissue types relevant to atherosclerosis: whole blood, CD14 ϩ and CD14 Ϫ PBMCs, AoSMCs, AoECs, and human heart. Our data demonstrate that each of the ANRIL transcripts (DQ485453, DQ485454, and EU741058) is expressed in a subset of cells or tissues linked to atherosclerosis (supplemental Figure III) .
9p21 Risk Allele Is Associated With Altered Expression of Splicing Variants of ANRIL
We next questioned whether expression levels of the 3 variants of ANRIL in whole blood differ in control subjects homozygous for the 9p21.3 risk alleles versus those homozygous for the reference alleles (supplemental Figure  III) . The QRT-PCR data demonstrate expression levels of the 2 short variants of ANRIL were increased Ϸ2.2-fold in 60 healthy subjects homozygous for the risk allele compared to 60 well-matched individuals homozygous for the reference allele ( Figure 3A) . Consistently, expression of the shortest ANRIL transcript, EU741058, was significantly greater in individuals homozygous for the risk allele ( Figure 3B ). In contrast, expression levels of the long variant were decreased Ϸ1.2-fold in subjects homozygous for the risk allele versus reference allele ( Figure 3C ). We also found a significant correlation between expression levels of the short and the long variants of ANRIL (rϭ0.47; Pϭ0.0152; data not shown), suggesting the existence of a regulatory feedback loop between the long and short ANRIL variants.
Differential Expression of ANRIL in Subjects Homozygous for the Risk and Reference Allele Associate With Differences in Expression of Several Genes Implicated in Atherosclerosis
Because ANRIL overlaps the INK4/ARF locus, we determined whether differential expression profiles of the ANRIL variants in subjects homozygous for the risk and reference allele was associated with expression differences of CDKN2A and CDKN2B. CDKN2A and CDKN2B control cellular proliferation by preventing entry to the S-phase of the cell cycle. We also we assessed effects on expression of GAPDH because apoptotic stimulation causes S-nitrosylation of GAPDH which in turn binds to E3 ubiquitin ligase and triggers apoptosis. 8 Subjects homozygous for the risk allele demonstrated a decrease in relative copy numbers of CDKN2A, CDKN2B transcripts (Pϭ0.06 and Pϭ0.156 respectively) and significant decreases in the expression of GAPDH, KALRN, a gene previously linked to CAD 9 and TDGF1, which functions in cellular proliferation 10 (supplemental Figure  IVA through IVC) . Furthermore, relative expression levels of CDKN2B and TDGF1 correlated significantly with that of the long variant and shortest variants of ANRIL respectively ( Figure 3D ; supplemental Figure IVD ). These data suggest that CDKN2B and TDGF1 may be directly affected by alterations in ANRIL expression related to the 9p21.3 risk haplotype.
Upregulation of Gene Sets Involved in Cellular Proliferation in Homozygous Carriers of 9p21.3 Risk Alleles
To determine whether the allelic variation at the 9p21.3 locus can alter gene networks relevant to atherosclerosis, we performed whole genome expression analysis on a subset of healthy subjects used for QRT-PCR analysis. A total of 97 differentially expressed genes were identified at a relative expression level of Ͼ1.5 and a probability value cutoff Ͻ0.05 (supplemental Table II ). A heat map was generated based on these 97 genes for visualization purposes ( Figure 4A ).
To identify biological pathways associated with the 9p21.3 allele in healthy individuals, gene set analysis was performed using the Molecular Signature Database (MSigDB) comparing homozygous risk allele carriers with homozygous reference allele carriers. Several annotated 
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gene sets and pathways associated with increased cell proliferation, including CELL_CYCLE_KEGG and vascular endothelial growth factor signaling (VEGF-HUVEC), were found to be upregulated in homozygous 9p21.3 risk allele carriers ( Figure 4B ). Gene sets relevant to inflammation, including TNF/ MAP kinase pathway signaling in activated T cells (41BBPATHWAY) and interferon response genes (CMV_HCMV_TIMECOURSE_24HRS), were also differentially expressed ( Figure 4B ; supplemental Methods).
To confirm that the 9p21 risk allele is also associated with significant gene expression changes in patients with established but stable CAD, cDNA samples obtained from 42 matched patients homozygous for the reference allele and the risk alleles were similarly analyzed on Agilent human genome microarrays (supplemental Methods; supplemental Figure V , supplemental Table III) . QRT-PCR analysis was performed on a subset of 29 matched patients. Consistent with allele-specific expression differences detected in healthy individuals, these experiments demonstrated upregulation of gene sets relevant to cellular proliferation (PϽ0.005) (supplemental Table IV ), increased expression of short variants of ANRIL (Pϭ0.041), and a reciprocal and decrease in expression of CDKN2B, GAPDH, and TDGF1 genes (supplemental Figure VI) in patients homozygous for the risk allele. Analysis of combined data from CAD cases and controls revealed a significant decrease in CDKN2B expression (Pϭ0.038) in homozygous carriers of the risk allele (data not shown).
Taken together, these data support the hypothesis that the 9p21.3 risk region contains cis-regulatory elements responsible for allele-specific gene expression differences.
Discussion
The association between the 9p21.3 locus and CAD risk is robust and extensively replicated but the molecular basis for a causal relationship has remained obscure. Our finding that the frequency of the risk allele was greatest in patients in the Ottawa Heart Study with severe premature atherosclerosis as compared to subjects with incident CAD events 1 suggests that it acts by increasing the atherosclerotic burden rather than by promoting a thrombotic or electric event.
To explore the molecular basis of the effect of the 9p21.3 locus on gene sets involved in cellular proliferation, we focused on further characterization of ANRIL, a newly annotated noncoding RNA. Notably, the high-risk CAD haplotype overlaps exons 13 to 20 of ANRIL and ANRIL is expressed in many cell types known to be affected by atherosclerosis. In an attempt to refine the evolutionary origin of ANRIL, we carried out phylogenetic footprinting analysis of the sequences including ANRIL transcription units from multiple species. When present, functional units of genes such as exons and regulatory elements are usually conserved between different species, whereas irrelevant DNA sequences are randomized. Our data demonstrate that although exon sequences of ANRIL are highly conserved in primates, the sequence conservation is not apparent in orthologous sequences from dog, mouse, rat, and opossum. Furthermore, sequence analysis indicates that several exons of ANRIL retain repetitive elements. The presence of repetitive elements within the ANRIL gene is surprising because low complexity DNA sequences are not usually found within coding regions. A recent study suggests that the presence of repetitive elements is a common signature for novel genes originated from retroposition and exon shuffling, and degeneration of such elements is correlated with the increasing ages of the genes. 11 Thus, ANRIL may have arisen relatively recently in mammalian evolution before the divergence of the primate lineage and may possess novel primate-specific functions. Alternatively, low sequence conservation of ANRIL may reflect high rates of primary sequence evolution suggested for long ncRNAs. 12 We examined the structure and function of 4 conserved noncoding sequences present in the 9p21.3 locus and demonstrated that the CNS3 regulatory region acts as an enhancer and significantly increases reporter gene expression when tested in COS-7 and human AoSMCs. CNS3 derived from the 9p21.3 risk allele exhibited significantly higher levels of enhancer activity compared to the reference CNS3 sequence. Furthermore, the observed differ- 
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ence in the CNS3 regulatory activity is attributable to the presence of a single nucleotide polymorphism, rs1333045, in strong LD with representative SNPs of the previously defined 9p21.3 risk region (r 2 ϭ0.86). These findings indicate that the 9p21.3 risk allele alters activity of at least 1 regulatory sequence which in turn may lead to changes in expression levels of ANRIL or other genes relevant to atherosclerosis. CNS3 may act as a general enhancer increasing the total levels of ANRIL expression. Given the structural similarity of ANRIL to other long ncRNA such as XIST and HOTAIR, ANRIL regulatory mechanisms are likely to rely on multiple transcriptional or splicing regulators. 13, 14 We hypothesize that, in addition to CNS3, other sequences within the 9p21.3 risk haplotype may modulate activity of ANRIL splicing enhancer(s) resulting in predominant expression of shorter ANRIL variants.
Noncoding RNAs such as ANRIL have been implicated in a variety of cellular pathways and stress responses and may influence gene transcription through multiple mechanisms that may include RNA interference, gene silencing, chromatin remodeling, or DNA methylation. For example, one of the best characterized large noncoding RNAs, XIST, initiates the process of X-inactivation by recruiting Polycomb-Repressive complexes to the X-chromosome. 13 Similarly, Hox antisense transcript, HOTAIR, recruits Polycomb complex PRC2 to the HOXD locus and imposes a repressive chromatin state. 15 Interestingly, several lines of evidence suggest that Polycomb repressor complexes are able to bind and alter expression of CDKN2A and CDKN2B transcripts at the INK4/ARF locus. 16 Similarly to XIST, the ANRIL gene contains an unusually high number of repetitive elements and encompasses multiple binding sites for transcription factors that regulate transcriptional repression, such as Plzf 17 (data not shown). It is thus plausible that ANRIL regulates expression of the INK/ARF transcripts by mechanisms analogous to that of XIST and
HOTAIR.
A previous study demonstrated that ANRIL is expressed in tissues and cell types that are affected by atherosclerosis but based on the primers used, the data obtained reflect the combined expression levels of short (DQ485454) and long (DQ485453) ANRIL transcripts. 6 We have extended these findings by documenting expression of each of DQ485453, DQ485454, and EU741058 in multiple human tissue types relevant to atherosclerosis (supplemental Figure III) .
Importantly, we demonstrate that expression levels of short variants of ANRIL are increased and expression levels of the long variant are decreased in subjects homozygous for the risk alleles compared to those carrying two copies of reference alleles ( Figure 3A through 3C) . Previous studies indicated a positive correlation between expression levels of the long variant of ANRIL and genes controlling cellular proliferation, notably CDKN2A (p14, p16) and CDKN2B (p15). Similarly, we noted a positive correlation between transcript levels of the long variant of ANRIL and CDKN2B ( Figure 3D ). These findings suggest that SNP(s) within the 9p21.3 locus may act as a molecular switch resulting in reciprocal changes in expression levels of the short and long ANRIL transcripts. By reducing expression of the long ANRIL transcript or increasing expression of the short ANRIL transcripts, the risk allele may modify expression of cell cycle regulatory genes, thereby promoting a proliferative phenotype in arterial smooth muscle cells or other cell types relevant to atherosclerosis.
Consistent with this hypothesis, distinct gene expression signatures were noted for homozygous carriers of the risk versus reference alleles with evidence for highly significant upregulation of gene sets involved in cellular proliferation in healthy control subjects and also confirmed in patients with stable CAD. Furthermore, the top differentially expressed genes verified by QRT-PCR included KALRN and TDGF1, were previously linked to atherosclerosis or myocardial infarction. 9,10 KALRN functions in the Rho GTPase signal tranduction pathway, which regulates a number of cellular processes including cell proliferation, migration, and adhesion. TDGF1 has potentially complex effects on cellular proliferation because it is required for signaling by some TGF-␤ family members such as Nodal but antagonizes others such as activin. 18, 19 Bioinformatics analysis indicated that the rs1333045 risk allele resides within a Smad-binding site, and Smad3 is apparently required for the antiproliferative effect of TGF-␤. 20 Consistent with allele-specific expression differences detected in healthy individuals, we also demonstrated upregulation of several cellular proliferation pathways as well as increased expression of short variants of ANRIL and reciprocally lower expression of CDKN2B, GAPDH and TDGF1 in CAD patients homozygous for the risk allele.
Overall, these studies suggest that SNP(s) within the 58-kb region orchestrate a series of molecular events which promote a proliferative response and are associated with altered expression of individual ANRIL transcripts. ANRIL is expressed in arterial smooth muscle cells, and vascular smooth muscle cell proliferation and migration are important events in both atherosclerosis and aneurysm formation. 21 Relevant to these findings, the 9p21.3 locus has also been linked to abdominal and intracranial aneurysms. 22 We demonstrate that a conserved sequence (CNS3) within the 9p21.3 locus has enhancer activity and that the risk allele of rs1333045 within CNS3 significantly increases reporter gene expression in primary aortic smooth muscle cells. We hypothesize that this or other allelic variants within the 9p21 risk locus mediates the increased predisposition to CAD by altering expression levels of short and long ANRIL transcripts, which in turn may affect cellular proliferation pathways. These risk allele-mediated pathways are potential new targets for therapeutic intervention in CAD and may provide expression markers that are associated with risk of developing premature CAD.
